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When considering architectural and urban responses to autonomous mobility, it
becomes evident that the future strategies will have to include a significant
transformation to the built environment, particularly the ways it operates and
interacts with inhabitants. Designers will not only need to rethink formal and
functional arrangements but also, and perhaps primarily, consider the
environment--buildings and cities--as active and equal actors with adaptive and
autonomous behaviors similarly to those people or self-driving cars manifest.
This paper discusses initial planning and design strategies for the integration of
autonomous vehicles and other forms of autonomous mobility into the built
environment. Specifically, it looks into necessary steps required to develop
infrastructure to a level of autonomy that can facilitate a next generation of
wayfinding and mobility. A growing research area into smaller personal mobility
vehicles that would revolutionize elderly and disabled mobility brings to the light
the major technical challenges present in current building infrastructure.
Keywords: Autonomous Vehicle, Navigation, Localization, Smart Buildings,
Smart Infrastructure

INTRODUCTION
With the rapid and technology-driven implementation of autonomous mobility, from assisted
wheelchairs to drones and autonomous vehicles,
the question of what kind of cities and buildings
are necessary to facilitate this transformation takes
front stage. Are architects and urban planners ready
to embrace this imminent intervention into the built
environment they have stewarded in the past? Will
the future direction and shape of autonomousvehicle-enabled cities be established before archi-

tects are able to formulate a design-informed and
user-centered vision? The most immediate and direct technology in the relation to architecture is an
introduction of the autonomous personal mobility
vehicles (PMVs).
Autonomous and connected vehicles, given
the issues surrounding their implementation, must
be tested within real-world conditions (JiménezGonzález et al. 2013; Martinez et al. 2013). However, these tests often rely on limited-scope development as a necessary step in optimizing known
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technologies and coping with unknown limitations,
as is the case with Masdar City, Abu Dhabi.[1] However, full integration into current infrastructure remains a challenge. For this reason, places such as the
Mcity research facility in Ann Arbor, Michigan, have
opened (in 2016) to serve as research test beds for
autonomous and connected cars. Additional testing
grounds are appearing throughout the world, such as
in Singapore [2], GoMentum and Willow Run. While
testbeds are being created to research the city wide
aspect of autonomous vehicles, the work done in
PMVs is still in the early stages without signiﬁcant
precedents or case studies.

While PMVs beneﬁt from many technology transfers
coming from self-driving cars and test beds discussed
earlier, there is a need for the research and case studies speciﬁcally addressing the scale of architectural
spaces and their users. Consequently, this paper addresses three important urban- and building-design
strategies for the (future) autonomous personal mobility technology:
1. The role of infrastructure in supporting mobility has expanded beyond its original applications in transportation networks. This expansion will continue aﬀecting other aspects
of physical environments and it will closely
interconnect transportation and building infrastructures.
2. The advancement of PMV technology (Figure
1) is highly contingent on the availability of
supporting infrastructure that would be able
to communicate with or, at least facilitate, the
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PMV deployment. This would require changes
to existing urban and building systems, materials used, and control technologies.
3. Broader building design issues, such as a
building access and navigation for larger
amounts of wheeled mobility will require spatial adjustments to horizontal and vertical circulation including the question whether the
continued reliance on elevators for indoor
movement in appropriate.

THE PAST MODES OF QUASI-AUTONOMOUS
INFRASTRUCTURE
The history of human civilization is ﬁlled with
machines and technologies that assisted people.
Some argue that technological development is what
shapes or even deﬁnes the progress as well as the
very nature of our culture (Ornstein and Burke 1995).
The idea of autonomous, or at least human- and
vehicle-guiding infrastructure is certainly prevalent
today, but it has already been around for some time.
For example, much of the navigation on canals in
Europe and the United States was guided and controlled by outside agents. These could have been
horses pulling barges or, during the Industrial Era, a
series of elaborate locks, ramps, and rail platforms,
such as those still deployed in the Morris Canal [3],
in Great Britain, or the Elbląg Canal in Poland (Figure
2) [4]. From early beginnings, railways relied on the
infrastructure of switches to direct train navigation,
and more recently, autonomous subway systems introduced sensors for speed guidance and train car localization in respect to each other or to a platform. A
number of metropolitan cities, such as Copenhagen
in Denmark, operate fully automated car parking facilities [5], in which cars are self-parked by a controlling robot-like structure with no human presence
or participation. A similar approach has spread into
the airplane industry, where on-ground infrastructure signiﬁcantly assists pilot-controlled landings,
particularly in limited-visibility situations when autolanding may be preferable [6]. A question is; to what
point and to what extent similar autonomy-assisted
functionalities applicable to buildings should be con-

Figure 1
Personal mobility
vehicles designed
for an in-building
use. This split
image shows a PMV
entering and
exiting an elevator
autonomously. The
vehicle was
developed in the
Advanced Institutes
of Convergence
Technology.

sidered? Considering the impact of safety elevators on the development of high-rise buildings in the
late 19th-century America [7] and the following highdensity urbanization in many cities around the world,
an introduction of PMVs could similarly redeﬁne what
is possible in cities and architecture.
Figure 2
A boat transfer
between two levels
of the canal.

AUTOMATED BUILDINGS

Figure 3
Tactile paving
provides guides for
vision-impaired
building occupants.

In addition to elevators, there are many other integrated automated systems present in contemporary buildings, such as motion-sensors (pyroelectric
infrared, or PIR), actuated lights, automatic doors
with PIR, vision, ﬂoor pressure sensors, or sensorcontrolled water ﬂow in public showers, where users
often demonstrate lower resource conservancy. All
of these examples speak to the increased role that
building infrastructure plays in deﬁning occupancy
patterns and safety. Occupancy and assets tracking
becomes a critical factor in operations of large-scale
infrastructure, such as airports, with a close integration between data BIM models and real-time monitoring (Kim et al. 2015). These models could be further extended into future guidance systems for autonomous mobility and real-time resource and user
management.
Similarly, an increased focus on inclusive environments transforms many aspects of urban infrastructure and technologies used in buildings (Williams
et al. 2016; Parkin et al. 2012). Tactile paving provides
guidance to vision-impaired building occupants (Figure 3) [8] by demarcating travel paths and access
points. For the same reason, auditory guides often

accompany pedestrian crossings on busy streets to
compensate for the static nature of tactile paving.
In these cases, an outside building and city infrastructure provides a framework for enhancing mobility and safety. Similar strategies, such as guiding
ﬂoor patterns, could easily be applied to autonomous
forms of mobility, from wheelchairs and personal
mobility vehicles to construction and maintenance
robots and self-driving cars (Jeon et al. 2015). Autonomous vehicles navigating a city or following a
path, even when the environment is known, may
beneﬁt from these forms of guidance in the same way
vision-impaired people may know the general area
of where they are but need an extra tactile path to
precisely locate an elevator door, water fountain, or
building exit. The signiﬁcant diﬀerence between tactile guides (Figure 3) and embedded sensory guidance systems is that the latter can change real-time
and adapt to various occupancy scenarios. For example, elevators that are not in service would have deactivated guides to avoid possible "signage" confusion.

Furthermore, PMV guidance systems could also be
used by visually impaired in conjunction with mobile devices to more eﬀectively and eﬀortlessly move
around the building.

PMV NAVIGATION STRATEGIES
Materials
Methods for a PMV to 'see' the world largely focused
around 3-dimensional data, 2-dimensional cameras,
and magnetic sensors. While an autonomous car
may rely heavily on GPS data, the indoor nature of
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a PMV makes common GPS unusable. While other
methods for indoor localization exist, such as motion
capture or UWB networks, both of these require high
costs for installation throughout an environment. As
more Internet of Things (IoT) devices and connectivity between users and infrastructure develop, technology based infrastructure will provide more use
than for only a PMV. Until then, a few considerations
during the design process can help alleviate the challenges and delays in deploying PMVs into the building.

One of the most relied on sensors is the LIght
Detection And Range Sensor (LIDAR) to receive
the 3-dimensional data. This sensor captures 3dimensional points based on the distance a point is
from the device. Through multiple channels and a
sweeping method, a cloud of points can be generated quickly, giving a rough 3-dimensional map of
the surrounding space. This can be used by itself,
or more commonly as test dataset to compare to a
known 3-dimensional model of the building in order
to ﬁnd the relative position. The real-time and reallocation aspect of LIDAR allows for tracking of people or other obstacles that are not within the building
model. The downsides of a LIDAR system are the poor
quality in detecting reﬂective or glass surfaces, and
the need for matching to an existing 3-dimensional
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model to complete a wayﬁnding task. As buildings
continue to be made out of glass facades and ﬂoor
to ceiling glass walls, the use of a LIDAR for navigation becomes increasingly diﬃcult, and must rely on
other sensors. On the other hand, if a standard can
be decided to which all glass walls or facades have
a speciﬁc band allowing LIDAR to track these reﬂective or clear objects, the autonomous vehicles can be
designed to expect this information. This could be
integrated with current code requirements that require marking large glass surfaces with visually distinct markers to avoid human-to-glass collisions.
To give a PMV a path to follow, two methods, independent of each other, can be used. In the ﬁrst
case, a magnetic sensor on the vehicle can detect
ﬂoor embedded magnets. The strength of the magnet is directly relational to the height of the PMV sensor oﬀ the ﬂoor, and the materials between them.
The cost of high powered magnets can become prohibitive for implementing under ﬂooring, while low
powered magnets may pose an aesthetics issue due
to a limited number of cover materials. Additionally, implementation of this could be similar to metal
tracks embedded in asphalt, and conceptually would
work similar as a ﬁxed track with intersections offering an option for direction. As lightweight and
durable ﬂoorings become available, architects and
engineers can test the eﬃcacy of using these magnets in a building for the expectation of autonomous
vehicles and PMVs in the future.
Finally, one of the simplest methods for navigation is line tracking. The initial problem with a camera based system is the eﬀect of ambient light on
color. However, built-in under body lights of a PMV
can alleviate this issue to create a consistently lit line.
This method can be created cheaply by painting lines
on ﬂooring, similar to how road lines are painted, or
more creatively and long lasting, by embedding the
information into the ﬂooring materials itself.
One possibility is to make a speciﬁc line for a PMV
to follow. Using colored tiles, lines can represent a
path for the PMV to take, and can be reduced to speciﬁc locations that the PMV can travel to. A simple

Figure 4
Diagram of a tiling
system in which
colored tiles
provide a path to
follow. Intersecting
paths blend colors
and can be thought
of as transfer
stations. The map
can be stored as a
2D representation
of the building
space without
requiring a full 3D
map.

Figure 5
In an alternative to
a direct line
representing a path,
a coded system
could be
implemented in
which a given
section represent a
unique pattern
within the overall
map. Autonomous
vehicles would have
the ability to freely
travel throughout
the space while
maintaining a
localization
accuracy equal to
the unique pattern
size.

example is shown in Figure 4.
To give a PMV more freedom in movement while
maintaining localization, a coded ﬂoor can be created. Similar to the unique combinations of barcodes
or QR codes, a tiled ﬂoor can be generated to give
unique groupings a unique position within the space
(Figure 5).

Table 1
Required Space for
Infrastructural
Transportation
Methods.

the primary access point for various ﬂoors become a
hindrance, and a ramp similar to those in a parking
structure become the logical choice. A simple calculation based on general values provides initial insight
to the beneﬁts of using the ramp type structures used
in car parks. Using a minimum turning radius of 6 meters, a ramp able to accommodate a two-way ﬂow of
PMVs is evaluated. This type of ramp would have a
16m diameter with a 4.2m width, compared to estimates of current infrastructure in Table 1.
While the ramp model requires signiﬁcantly
more space, this number should be considered
against the speed at which mobility exists within the
space, especially as general elevators rated for higher
weight will travel slower. In this example case, a
multi-ﬂoor building is assumed, where the average
PMV travels to the 5th ﬂoor (Figure 6).
This calculation, however, does not take into account multi-directional movement that will often occur between the ﬂoors, in which case the ramp efﬁciency would further increase. Beyond the eﬃciency for transportation, while elevators are safe due
to physical stops, an elevator may be "out of commission" for structural or electrical issues, whereas a
ramp is solely reliant on its structural integrity.

DISCUSSION AND CONCLUSION

Rather than matching LIDAR data to a 3-dimensional
model, a simple algorithm for detecting a cluster of
tiles within the larger map can give a PMV ultimate
ﬂexibility within the space while remaining localized.
The size of the tile, resolution of the camera, and density of the coded pattern can determine the variety of
designs.

Indoor Mobility
As PMVs begin integration with indoor infrastructure,
the mobility methods of car parks and multi-level
garages become of interest. Speciﬁcally, one must
consider at what point does the use of an elevator as

Autonomous vehicle-enabled cities can be seen as
the next level of human cohabitation that considers
a diverse range of users (human and nonhuman) and
provides a higher level of services and eﬃciencies.
For some, it will be a more sustainable and resilient
environment that will optimize resources; for others,
a more inclusive and democratic environment that
will allow them a greater participation in urban life,
as in case of mobility-impaired or elderly residents.
For others yet, it will be a place for new interactions
with similar transformative qualities as social networks have. The inclusion, and possibly even emancipation, of nonhuman agents as new urban inhabitants will deﬁnitely reposition our understanding of
cities and the way architects design them. There will
also be a change to what we consider privacy, identity, and control.
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Figure 6
Speed ratio of
elevator to ramp
per square meter.
At roughly 14
vehicles the size to
speed ratio of a
ramp system
becomes more
eﬃcient, and
continues for each
extra vehicle.

